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A pulsed valve positioned just outside the ion trap electrodes (within the vacuum chamber) 
has been characterized. The obserl-cd gas pulse widths and the maximum ion intensities 
were found to decrease as the distance between the pulsed \,alve and the ion trap electrodes 
increased. An explanation is presented within. The pulsed valve was found to impart 
temporal separation in ion-molecule reactions by permitting the removal of interfering 
neutrals. Other factors that affect the degree of temporal separation also are presented. (J Am 
--- 
E arty work with gas-phase ion -molecule reactions focused on determination of the solvent effects by obtaining intrinsic information about chemi- 
cal reactions [ I-21. Since then, gas-phase Ion-molecule 
reactions have been designed to mimic their solution- 
phase counterparts. This methodology has been used 
previously to identify functional ~I-~ILI~S [3, 41, to dis- 
tinguish between isomers [5 ~91, and to model biologi- 
cal activity [lo-121. 
The quadrupole ion trap mass spectrometer (Ql I MS) 
and the Fourier transform mass spectrometer (FTMS) 
are tandem-in-time instruments (they perform two or 
more stages of mass spectrometry sequentially in the 
same volume of space). This characteristic offers se\‘- 
era1 advantages for the performance of ion-molecule 
reactions. Because the time of each stage of mass 
spcctrometry can be controlled dircctl!,, both instru- 
ments can act as ideal g:as-phClse reaction chambers for 
kinetics studies. Also, the tandem-in-time nature per- 
mits multiple stagrs of mas\ \ptactromctry (MS”, II > 2) 
to be performed, which enablt>5 the full characterlrC+ 
tion of product ions [13-1X]. 
In our laboratory, in\.e~tq+~tion~ into the ~1st‘ ot 
ion-molecule reactions bct\~~ccn ioniLcd nuclcophiles 
(model DNA bases such ‘15 p\,ridine) and reactive 
electrophiles (potential carclnogenh such as the all\,1 
halides) for environmental monitoring ha\,e been iniii- 
ated [lo, 111. In these reactions, the production ot 
ionized nucleophile~rcacti\-c elcctrophile adduct ions 
is used to estimate the carcinogenicit!, of the elec- 
trophilc. One drawback to the use of tandem-in-time 
instruments for ion molecule redactions is the lack of 
spatial separation between thv ions and neutrals, which 
can lead to unwanted and ottc\n unanticipated side 
reactions. In this case, reaction with the neutral nucle- 
ophiles can interfere with the detection of the reactive 
electrophiles. 
One approach to minimiTe this interference is to 
introduce the neutral nucleophile through a pulsed 
L-all-c. Pulsed valve introduction was first employed 
effecti\,ely on the FTMS for the momentary introduc- 
tion of n high pressure of collision and reagent gases 
[ 19 221. For these studies, the pulsed valve was lo- 
cated external to the FTMS high vacuum chamber and 
\vas connected either through an extension on a Con- 
Flat cap [ 19, 22, 231 or through stainless steel tubing 
[ 201. Due to the diffusional broadening of the gas pulse 
though the connective tubing and the large volume of 
the FTMS chamber that must be pumped, the observed 
gas pukxs had long rise times (> 50 ms) and pulse 
\vidths [full width at half-maximum (FWHM) 2 100 
ms] [20, 231. To reduce the observed rise time and gas 
pulse width, pulsed valve introduction was employed 
on the smaller volume QITMS [5, 241. Similar to the 
FTMS work, the pulsed valve was mounted externally 
to the ion trap vacuum chamber, connected directly to 
the ion trap via l/lb-in. stainless steel tubing [24]. The 
gas pulse width and rise time, determined by follow- 
ing the \,ariation of the NZ’. ion signal intensity as a 
tunction of time from the opening of the pulsed valve 
to introduce the N,, were found to decrease as the 
connecting tubing was shortened; the shortest pulse 
Lvidth (FWHM = 30 ms) and rise time (= 20 ms) used 
7.5 cm of connecting tubing [24]. 
To effectively monitor potential carcinogens as they 
elutc, sc\~eral ion-molecule scans must be performed 
across a gas chromatography peak [25]. To minimize 
interferences from the reagent neutrals and to allow 
the fastest sampling rate possible, the gas pulse width 
must be as short as possible. Following the observed 
trend in the FTMS and in the QITMS, the shortest 
obtainable pulse width would occur for no connective 
tubing, which means that the pulsed valve would be 
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inside the vacuum chamber. This internal configura- 
tion will allow quick removal of the nucleophile neu- 
trals by removing the diffusional broadening of the gas 
pulse caused by the tubing. 
This communication presents initial results from an 
internally mounted pulsed valve. The factors that con- 
trol the gas pulse width from this internal configura- 
tion are discussed. By minimizing interfering reactions 
between ionized pyridine and pyridine neutrals while 
maximizing reactions between the ionized pyridine 
and neutral ally1 iodide, this internal pulsed valve 
configuration also is shown to implement temporal 
separation effectively into the ion-molecule reactions. 
Experimental 
All experiments were performed on a Finnigan-MAT 
(San Jose, CA) ion trap mass spectrometer (ITMS). All 
compounds were obtained from the manufacturer and 
used without further purification. Samples for the con- 
stant pressure studies were introduced through 
Granville-Phillips (Boulder, CO) Series 203 variable 
leak valves. The valves were heated to a constant 
temperature of 70 “C. All pressures reported were 
measured by a Bayard-Alpert ionization gauge 
mounted on the vacuum chamber and are uncorrected. 
Sample pressures ranged from 1 X 10 ’ to 3 X 10 ’ 
torr. 
Pulsed valve introduction of the nucleophiles was 
through a Series 9 pulsed \Talve (General Valve Corp., 
Fairfield, NJ). An expanded view of the pulsed valve 
experimental setup is shown in Figure 1. The hardware 
consists of a pulsed valve mounted on l/4-in. stainless 
steel tubing, which was inserted into the ITMS cham- 
ber through a l/4-in. bored-through Cajon (Macedonia, 
OH) adapter welded to the flange. A Teflon slee\re, 
which contained two sets of relief holes, was used to 
act as a splitter for the pulsed sample. The Teflon 
sleeve was held in place by a stainless steel brace (not 
shown) mounted to the chamber flange. The exit ori- 
fice diameter of the pulsed valet, was 0.006 in. 
Ion catcher software, ICMS’“’ (developed by Nathan 
A. Yates at the University of Florida), was used to 
allow software control of the TTL signal on the ITMS 
scan acquisition processor adapter board. This TTL 
signal triggered a pulsed valve controller built at the 
University of Florida. The duration of the control sig- 
nal emitted from the pulsed valve controller was mea- 
sured by a LeCroy (Chestnut Ridge, NY) 9400 dual 
channel 125-MHz digital oscilloscope. 
The scan function used to perform the pulsed valve 
experiments is presented in Figure 2. A TTL trigger 
pulse (step A) was generated prior to ionization to 
introduce the pyridine (nucleophile N) neutrals 
through the pulsed valve. After an appropriate delay 
(step B) to reach the apex of the gas pulse, ionization 
(step C) at q(N+‘) = 0.23 was followed by reagent ion 
formation (step D) and two-step rf/dc isolation (step 
E) [26, 271 of the pyridine molecular ion (NC’, m/z 79). 
After isolation, the pyridine molecular ions were al- 
lowed to react with both the pyridine and ally1 iodide 
neutrals present inside the ion trap for up to 500 ms at 
rl(N”) = 0.3 (step F). Mass spectra were acquired with 
the axial modulation (530 kHz; 6 VFmP) mass-selective 
instability scan (step G) [28]. 
Results and Discussion 
Clraractrvization of Pulsed Valve Introduction 
Three major factors influenced the effectiveness of the 
pulsed valve when mounted inside the ITMS chamber: 
(1) the distance between the valve and the ion trap, (2) 
the length of the delay, ionization, and isolation times, 
and (3) the duration of the pulsed valve open period. 
The distance between the valve and the ion trap was 
found to affect the fraction of the sample pulse that 
entered the ion trap, the time necessary to reach the 
apex of the gas pulse, and the sample pulse width. 
Figure 3 presents the total ion intensity (measured as 
Time -+ 
Figure 2. Scan function (not drawn to scale) used for pulsed 
L alw introduction. Shown are \:alve open (A), delay time (B), 
iomzation (Cl, reagent ion formation CD), reagent ion isolation 
(E), ion~molecule reaction time (F), and the mass-selective insta- 
bilitv ican ((3 
Delay Time (m) 
Figure 3. Eftects of distance and del;ly titm, on obwr~cd pul,c 
width. The distance between the pulsed \ aI\ 13 md the Qll-MS i\ 
(A) O-in., (8) O.?in., and (C) 0.77-in. ‘The control pulse duration ii 
1.93 Ins. 
the reconstructed ion currtynt from \lri I 20 to 200) for 
pyridine as a function of both the distance between the 
valve and the ion trap and the time between the 
closing of the pulsed \,al\ae and ionization (referred to 
as the delay time) for a control pulse duration of 1.93 
ms. Figure 1 sholvs that thtl Tetlon slt>e\rtx into which 
the valve was positioned has t\vo sets of relict holes. 
These relief holes act as a splitter for the pulsed san- 
ple. When the pulsed \,al\~ 1~‘~s positioned at the front 
of the sleeve, the ~7ah.e orifice was located closest to 
the ion trap. Therefore, M.hen the \ral\,c \~its opened, 
nearly all of the sample that \\‘a~ Introduced went 
direcily into the ion trap. Placing the pulsed \.alve at 
this location resulted in thr largest neutral population 
inside the QITMS, as sho\vn bi, curare A in Figure 3. 
When the pulsed 1 alve \vas ba;ktad a\\“a~’ from the wn 
trap, but still positioned inside the icflon slee\.e, 
enough space was created between the pulsed \,al\,c> 
and the relief holes that some cjf the sample \vas split 
away. Part of the sample entered into the ion trap and 
the rest of the sample paswd through the relief holes 
into the vacuum manifold. This split of the sampIt 
pulse lowered the ion intensitleh as shown by CUTIT B 
in Figure 3. Curve C demonstrates that when the \,al\,t, 
was withdrawn bevond the end ot thv Teflon slet,\.t,, 
the greatest degree of splitting occurrt)d. 
Figure 3 also demonstrates that after the pulsed 
valve was closed, both the length of time needed to 
reach the apex of the sampIt pulse and the sampIt> 
pulse width (FWHM) decreased as the distance bt>- 
tween the \ral\re and the ion trap incrt,ased. Thtnstt 
trends are opposite to trends observ-cd with the exter- 
nal pulsed valve [23]. This difference can hc under- 
stood in terms of conductance or the raltc at which the> 
neutrals are introduced and removed from a given 
\,olume of space. 
The o\rerall rate of change of the number of neutrals 
is a function of both their rate of introduction and their 
rate of removal. This can be described as 
d[neutral] 
iit 
= rate of introduction - rate of removal 
(1) 
Integration of this equation with the appropriate func- 
tions for the rates of introduction and removal should 
produce a neutral pulse that increases logarithmically 
for a certain length of time and then decreases expo- 
nentially. The length of time that the curve increases is 
dependent upon (a) the difference in the rates of intro- 
duction and removal and (b) the length of time the 
\,alve is opened. For a given valve open time, the 
amount of sample introduced is constant due to the 
constant conductance of the pulsed valve. The rate of 
neutral removal, however, changes depending upon 
the position of the pulsed valve. When the pulsed 
\,alve is located at the front of the Teflon holder, the 
entire sample is introduced into the ion trap; therefore, 
the rate of removal is only due to the conductance of 
the ion trap. As the pulsed valve is backed away from 
the ion trap but still inside the Teflon holder, the rate 
of remo\,al becomes a function of the conductance of 
both the ion trap and the relief holes of the Teflon 
holder. The conductance of the ion trap remains con- 
5tant, but the conductance of the Teflon holder in- 
creases as the pulsed \,alve is displaced farther from 
the ion trap due to the incorporation of the relief holes. 
As the rate of removal increases, two things will 
happen to the curve from eq 1. First, the time needed 
to reach the apex will shorten. Second, once the pulsed 
\.al\re is closed, only the rate of removal matters. 
Therefore, with increasing conductance, the exponen- 
tial decay will increase, which results in a steeper 
slope on the backside of the curare and a shorter pulse 
\vidth. These trends are elident from both the posi- 
tions of the sample pulse apexes and the correspond- 
ing sample pulse widths for cur\‘es B (20 ms at FWHM) 
and C (10 ms at FWHM) in Figure 3. 
Recall that Figure 3 employs ion intensity as a 
measure of the number of neutrals in the trap. Note for 
instance the unusual shape of curve A for the first 25 
ms. This shape is most likely due to saturation of the 
ion detection process, presumably due to space charge 
effects on ionization, ion storage, or ion detection. 
When the entire pulsed sample is introduced into the 
ion trap, as is the case for curve A, the number of ions 
tormtd at short delay times will be large enough to 
saturate ion detection and reduce the detected ion 
intensity. As the pyridine neutrals are pumped away 
with increased delav times, the extent of saturation 
decreases and the i6n intensity increases. Eventually, 
tlnough neutrals are remolred from the ion trap that 
ion detection is no longer saturated. At this point, the 
ion intensity reaches a maximum and begins an expo- 
nential decay, as described earlier. Finally note also 
that a 1.93-ms control pulse opens the valve for less 
than 1.93 ms; indeed, control pulses of less than 1.5 ms 
do not open the valve at all. 
Spectra Obtained from httwal Pz&ed Value 
introduction 
Figure 4a presents the product ion spectrum for the 
reaction between pyridine molecular ions (N “) and 
ally1 iodide (EX) and pyridine (IL) neutrals. Detailed 
studies of these reactions [29] have shown that the 
product ions at m/z 120, the pyridine-ally1 adduct ion 
(NE+), and at m/z 206, the pyridine-iodine adduct 
ion (NX+), were due to the reaction of ionized pyri- 
dine with neutral ally1 iodide. The product ion at m/: 
80, protonated pyridine (NH ’ ), was due to reaction of 
ionized pyridine with neutral pyridine. The final prod- 
uct ion at m/z 285, a dipyridinium iodide ion (N,X ’ ), 
resulted from further reaction of the m/z 206 ion with 
a Constant Pressure Introduction 
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neutral pyridine. An analysis of this system indicated 
that the rate constant for the reaction of ionized pyri- 
dine with neutral pyridine was almost twice as large 
as the rate constant for the reaction of ionized pyridine 
with neutral ally1 iodide [29]. This favored reactivity of 
the ionized nucleophile toward nucleophile neutrals 
was observed for a series of nucleophiles and elec- 
trophiles examined at the same pressures. 
The product ion spectrum for pulsed valve intro- 
duction of pyridine with the same constant pressure 
(5 x 10 ’ torr) of ally1 iodide for 500 ms is shown in 
Figure 4b. In contrast to constant pressure introduction 
of pyridine (Figure 4a) in which protonated pyridine 
(NH+) is the major product ion, pulsed valve intro- 
duction resulted primarily in the formation of the 
pyridine-iodine adduct ion (NX+) at m/z 206 and the 
pyridinepallyl adduct ion (NE+) at nz/z 120. This 
product ion spectrum was due to the reaction of ion- 
ized pyridine almost entirely with the electrophilic 
ally1 iodide neutrals. As expected, the use of pulsed 
\ralve introduction limited the extent of reaction with 
the neutral pyridine by significantly reducing its pres- 
ence during the reaction period. However, the unde- 
sired side reactions were not totally eliminated, as 
evidenced by the slight formation of the protonated 
pyridine (NH-) at m/z 80 and the dipyridinium io- 
dine adduct ion (N,X+J at m/z 285. Because the 
reaction period was initiated when 80% of the neutral 
pyridine had been removed (an overall delay of 20 
ms), there were still a small number of pyridine neu- 
trals present to react. 
Conclusions 
Introduction of samples into the ion trap through a 
pulsed valve mounted inside the vacuum chamber has 
been presented. The diffusional broadening present 
when the pulsed valve is mounted outside the vacuum 
chamber has been eliminated. However, peak broaden- 
ing still occurs and is a function of the conductance of 
the ion trap. As the pulsed valve is withdrawn from 
the ion trap, the conductance increases and the gas 
pulse width decreases. One consequence of displace- 
ment of the pulsed valve from the ion trap is that the 
amount of sample that enters into the ion trap volume 
decreases. Nelrertheless, in most cases the amount of 
sample that enters into the ion trap volume should be 
more than sufficient to perform the desired experi- 
ments. 
The main advantage to this configuration is the 
speed with which sample can be introduced and re- 
moved. Gas pulse widths (FWHM) of 10 ms were 
observed. This value could be reduced further with a 
shorter pulsed valve open time. The ability to rapidly 
pump am’ay the nucleophile prior to the time period 
for ion-molecule reactions significantly reduces side 
reactions when potential carcinogens are monitored. 
Initial results from use of the internal pulsed valve 
980 COOI’EIiSMlTH AND YOS-r J Am Sot Mass Spectrom 1995,6,976-980 
configuration for this purpose are promising and will 
be addressed in a subsequent publication. 
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